In order to study the intestinal mucosal immune cells, with emphasis on single T lymphocytes, an inventory was made of single and organized lymphocytes in the epithelium and lamina propria of the small intestines of untreated Wistar, Fischer 344, and Lewis rats. The single and organized lymphocytes were examined microscopically. In addition, the single lymphocytes in the epithelium (IEL) and lamina propria (LPL) were analyzed by flow cytometry. Next, the use of flow cytometry analysis was explored to detect changes in the IEL T-lymphocyte population in subacute oral studies with the immunomodulating agents azathioprine and hexachlorobenzene. Untreated random-bred Wistar rats exhibited a large interindividual variability in IEL composition, while the variability was small in inbred Fischer 344 and Lewis rats. The explorative study with the 2 model immunomodulating compounds demonstrated that hexachlorobenzene increased the number of intraepithelial T lymphocytes with CD8+ phenotype at the cost of T cells with CD4+ phenotype in Lewis rats. Azathioprine did not induce distinct effects on the percentages of IEL. The data indicate that the intraepithelial lymphocytes in the intestines are a potential target for orally administered immunomodulating compounds and should therefore receive more attention in toxicologic pathology studies.
INTRODUCTION
T lymphocytes disseminated diffusely in the epithelium and lamina propria of the gastrointestinal tract form the body's largest single T-lymphocyte pool (5) . Together with the T cells in the organized mucosal lymphoid sites, such as the Peyer's patches and the draining mesenteric lymph nodes, they play a crucial role in the host defense and carry out specialized tasks in the initiation and achievement of responses to antigens present in the intestinal lumen. The cells can leave their local sites after antigen-driven activation and join the systemic circulation, where they may contact the cells from the systemic immune system. Thereafter, they may migrate back to the mucosal surfaces [reviewed by Ogra et al (23) and Kagnoff (11) ]. Once within the epithelium, intraepithelial lymphocytes (IELS) appear to remain there, since the extrusion of villous epithelial cells into the intestinal lumen is shown to be much more rapid than IEL turnover [reviewed by Lefranqois (15) ]. Interestingly, the epithelium of the gastrointestinal tract is possibly a lymphocyte-generating organ analogous (in some ways) to the thymus, and in the case of q6 T-cell receptor+ (TCRq6+) IELS, extrathymic maturation clearly exists (4, 18, 20, 24) .
Following oral intake, immunotoxic compounds may affect the local T-lymphocyte pool, and thus, they may have an impact on the local, and subsequently on the systemic, immune system. Examination of the local immune system in toxicology was not included in earlier guidelines, and up until now it has focused on Peyer's patches and, to some extent, on B-lymphocyte activity and secretory immunoglobulins (updated OECD 407 and FDA Guidelines; 13). However, the single T lymphocytes differ markedly from the T lymphocytes in the Peyer's patches in terms of phenotype, origin, and function (man: 9, 10; mouse: 18; sheep: 6; chicken: 19; pig: 25) . It is therefore questionable whether effects of toxic compounds on Peyer's patch lymphocytes are representative of effects on the single T-lymphocyte pool. Moreover, the lymphocyte maturation process in the intestinal epithelium may be particularly sensitive to immunotoxic compounds, as is the thymus (26) . Unfortunately, the diffuse organization of this lymphocyte pool hampers the sampling and examination. Microscopic examination of tissues stained for specific lymphocyte markers and flow cytometry analysis of isolated lymphocytes are the principal methods used to study the lymphocyte pool. However, both methods have their drawbacks as well as po- tential flaws, and they may not be sufficiently sensitive to allow examination of the effects of immunotoxic com-
pounds.
Because of the scarcity of information (especially regarding the single lymphocyte pool in the small intestines of the rat, the animal of choice in numerous toxicity studies), background data were collected from different strains of untreated rats. In addition, explorative studies were carried out with 2 model immunoactive compounds: the immunosuppressive agent azathioprine (AZA; 3) and the immunomodulating compound hexachlorobenzene (HCB; 30). The inbred Fischer 344 and the random-bred Wistar rats were used in the AZA study because they are both commonly used in toxicity studies and have been used before in AZA studies (8) . The inbred Lewis rat was used in the HCB study because of its sensitivity to the compound when compared with that of Wistar rats (21) .
MATERIALS AND METHODS
Animals and Maintenance. Four-week-old male random-bred Wistar and inbred Fischer rats were purchased from Charles River Wiga GmbH (Sulzfeld, Germany).
Threeto four-week-old female inbred Lewis rats were purchased from IFFA Credo (Orleans, France). The rats were checked for symptoms of ill health and for anomalies and were then acclimatized to the laboratory conditions for a period of 7 days before the tests began. The Wistar and Fischer rats were housed five by five in suspended, stainless-steel cages with wire-screen bottoms and fronts. They received the Institute's grain-based open-formula diet and nonfluorinated tap water ad libitum. The Lewis rats were kept at the Utrecht University animal facilities and were housed two by two in filtertopped, macrolon cages on a bedding of chips of wood; they received a semisynthetic diet (SSP/TOX, Hope Farms, Woerden). All Chemie, Bornum, Germany) in corn oil was given by gavage in doses of 0 and 84 mg/kg BW to female Lewis rats (2 controls and 4 HCB-treated rats). The animals were dosed 3 days per wk during 4 wk. In the AZA study, thymus and small intestines were harvested. In the HCB study, spleen and small intestines were sampled. The selected doses of AZA and HCB were reported to cause effects on the immune system of the different rat strains without overt signs of toxicity (AZA: 8; HCB: 30). The thymus and spleen were examined because of their sensitivity to AZA and to HCB, respectively.
Isolation of Small Intestinal Lymphocytes. IELs and intestinal lamina propria lymphocytes (LPLs) were isolated from the small intestines of the rats according to the procedure described by Lefranqois (16) and Van der Heiden and Stok (7) (with slight modifications). In short, small intestines were flushed with an isotonic calcium and magnesium-free Hanks' balanced salt solution. Fat and Peyer's patches were removed. Intestines were opened longitudinally and cut into small pieces (0.5 cm). The fragments were divided into 2 parts, both were incubated twice for 30 min in a shaking water bath at 37°C and vortexed after each incubation, and the supernatants were filtered over a nylon wool column to remove most epithelial cells and B cells. IELs were then further purified by Percoll gradient centrifugation.
The LPLs were isolated from the gut pieces remaining after the incubations at 37°C. The fragments were incubated with RPMI-1640 and collagenase during 90 min in a shaking water bath (37°C), filtered and squeezed through a nylon gauze filter, and isolated from stromal cells by Percoll gradient centrifugation. Flow Cytometer Analysis. Cells were resuspended in phosphate-buffered saline/bovine serum albumin ( million cells per 100 (jd) and then incubated at 4°C for 30 min with an appropriate dilution of Fluorescein isothio- cyanate (FITC)-conjugated (CD4; leukocyte common antigen [LCA]; OX33; TCR&OElig;f3) or phycoerythrin (PE)-conjugated (CD8; CD8p; TCRq6) monoclonal antibodies (see Table 1 ). CD4 was used in combination with CD8 and CD8p, and TCRa~3 was used in combination with TCR-y6. Specificity of staining was confirmed using isotype-matched control monoclonal antibodies (MAb). The forward light scatter was used as a parameter to facilitate exclusion of dead cells and aggregated cell clumps. Propidium iodide was used to check the exclusion of dead cells. The optimal scatter gate was established by gating on LCA-positive cells. The lymphocytes were processed on a Coulter Elite flow cytometer equipped with an Argon laser (488 nm), and data were analyzed using the Coulter Elite software. The data used for comparison between AZA-and HCB-treated animals and their respective controls were corrected for the number of LCA-positive cells.
Immunohistochemistry. From animals in the 2-wk AZA study, so-called Swiss rolls (23) were prepared from the last portion (2.5 cm) of the small intestines, including a Peyer's patch; these Swiss rolls were subsequently snap-frozen on dry ice. Cryostat sections were stained using 2-step indirect immunolabeling. Prior to staining, endogenous peroxidase was complexed in a solution of N,N-dimethylformamid with 3-amino-9-ethylcarbazole (Sigma; A5754, St. Louis, MO),and this staining was dis- Table I . The sections were then incubated with peroxidase-conjugated rabbit anti-mouse Ig (RAMPO, Dakopatts, Denmark) for 30 min and were finally incubated with the chromogen 3'3'diaminobenzidine-tetrahydrochloride (DAB; Sigma, D5637) and H202. Control sections were processed in the same way, except for the specific antibodies which were replaced by phosphate buffer. Sections incubated with the TCRq6 marker were stained using a streptavidin-biotin method to enhance contrast. After the incubation with the antibody, the sections were incubated with a biotin-labeled rabbit anti-mouse Ig (RAMPO) for 30 min, the sections were then layered with a peroxidase-conjugated streptavidin (Strept-HRP; Dakopatts, Denmark). The sections were then treated with the chromogen DAB and were additionally contrasted with cobalt chloride (Sigma; C2644). Counterstaining with hematoxylin was done only on some negative control sections.
RESULTS

Vehicle-Treated and Untreated Control Rats
Microscopic examination revealed that the majority of T lymphocytes in the lamina propria of Wistar and Fischer 344 rats were CD4-positive ( Fig. lA) . CD8+ cells and CD8~+ cells and a few of the typical mucosal cells, the NKR-Pl+ natural killer (NK) cells and the TCRq6 + lymphocytes (Fig. 1B-E ), were also found in the lamina propria. Besides T lymphocytes, the lamina propria contained numerous ED 1 + and ED2+ macrophages (Fig. 2) .
The phenotypes of lymphocytes within the intestinal epithelia of most Wistar rats differed considerably from those of the lamina propria. High numbers of CD8+ and low numbers of CD4+ T lymphocytes were found ( Fig.   lA-B ). In addition, some CD8(3+ and NKR-Pl+ NK cells and few TCRy8+ cells were present (Fig. 1C-E) . Interestingly, the intestinal epithelia of some Wistar and of most Fischer rats housed low numbers of CD8+ cells (Fig. 3 ). The CD8+ lymphocytes were situated predominantly on the basal side of the enteric epithelium, just above the basement membrane, and were absent in the crypt epithelium, while CD4+ cells were located near the apical surface of the epithelium, including the crypt epithelium. The distribution of the staining did not show NK, ED 1 +, or ED2+ cells in the epithelium.
In addition to the single intraepithelial and lamina propria cells, Peyer's patches and accumulations of lymphoidlike cells were observed in the lamina propria (Fig.  4 ). The accumulations filled single, plump-shaped villi and contained some ED1+ and ED2+ macrophages and CD4+ and CD8+ T cells. The majority of cells were negative for these markers and for CD8p+, but accumulations of NKR-P1-positive NK cells were found ( 
5)
. Peyer's patches were generally small in Fischer 344 rats when compared with those of Wistar rats. The typical mucosal cells, the TCRq6+ T cells, and the NK cells were present in low numbers in the T cell-dependent interfollicular area or were scattered throughout the interfollicular area and the so-called dome area between the follicles and the epithelium (Fig. 6) . Flow 
AZA-Treated Rats
At the high dose, 4-wk exposure induced decreases in BWs and in relative thymus weights of Wistar and Fischer 344 male rats (Table IV ). The thymus cell numbers were dose-dependently decreased in Wistar and Fischer 344 rats. The IEL values of the 2 control groups ( group with vehicle only and 1 group left without gavage) were analyzed statistically in order to test the influence of gavage alone as a stress factor. As they displayed no significant differences in this regard, the 2 groups have been considered as 1 control group that comprises 12 animals.
Within the examined gates, the number of LCA+ leukocytes in the gut isolations did not differ between controls and treated Wistar and Fischer 344 animals. Therefore, only the LCA-corrected data are presented in Fig. TABLE IV.-Effects of azathioprine and hexachlorobenzene on body weights and target lymphoid organs., a Azathioprine was administered by oral gavage for 4 weeks in doses of 5 and 25 mg/kg BW for Wistar rats and 0.8 and 8 mg/kg BW for Fischer rats; hexachlorobenzene was administered by oral ga~~age to Lewis rats in doses of 84 mg/kg BW. * p < 0.05. ** p < 0.01. Significance was found using 1-way ANOVA, followed by Dunnett's multiple comparison tests. FIG. 7. -Percentages of lymphocyte subpopulations, corrected for the number of LCA+ leukocytes, of (A) AZA-treated Wistar rats and of (B) Fischer rats. C) Percentages of lymphocyte subpopulations, corrected for the number of LCA+ leukocytes, of HCB-treated Lewis rats. 7 . No effects of AZA were observed in category 1 Wistar rats. Apart from an increase in the relative number of CD4+/CD8(3+ double-positive cells in the low-dose group, AZA did not induce a statistically significant effect in category 2 animals. When considering the 2 categories of Wistar rats together (Fig. 7A) , in Wistar rats, no effects were associated with exposure to AZA. No statistically significant effects were observed in the AZAtreated Fischer rats (Fig. 7B) ; the number of CD4+ and TCR&OElig;f3 cells tended to be increased in the low-dose AZA group when compared with controls.
The lower number of Peyer's patches removed from the intestines of AZA-treated rats (approximately 14 per animal) compared with the number removed from con-trols (approximately 17) suggested that AZA reduced the size of some Peyer's patches to such an extent that they were no longer apparent upon gross examination.
HCB-Treated Rats
The dose of 84 mg/kg BW/day induced a slight increase in relative spleen weight but had no effect on BW gain (Table IV) . The flow cytometric analysis of IELs indicated that HCB had a distinct effect on the relative and LCA-corrected T-lymphocyte populations: the number of CD8+ single-positive T cells was markedly increased at the cost of CD4+ single-positive and CD4+/ CD8+ double-positive T cells (Fig. 7C ). This increase in the number of CD8 + cells was the result of an increase in both CD8+ and CD8p+ cells. The relative numbers of TCR&OElig;f3 + cells and TCR ')'0 + T lymphocytes were not affected.
DISCUSSION
T lymphocytes in the rat small intestine were examined by light microscopy of immunohistochemically stained sections and by flow cytometric analysis of IEL and LPL isolations. Next, pilot studies were performed to explore the sensitivity of the single T lymphocytes to immunotoxic compounds given orally for a few weeks.
A discrepancy was observed between the data obtained from tissue sections and that obtained from isolations. In the flow cytometric analyses, a minority of Wistar rats (category 2) and most Fischer rats had more CD4+ cells than CD8+ cells in the IEL isolations. In intestinal sections, this preponderance of CD4+ was less obvious. This discrepancy can partly be explained by the strengths and weaknesses of the 2 methods (2). Immunofluorescence of isolated cells is more sensitive, and therefore, lymphocytes with low numbers of receptors for a given antibody may go unnoticed in immunohistochemically stained sections. On the other hand, the study of isolated cells is limited by the purity of the preparations. Contamination of IEL with LPL in the isolation is questionable, since both categories of Wistar rats had comparable LPL subset ratios. Staining of tissue remaining after IEL isolation can provide a check on the procedure. Procedures to isolate epithelium may release epithelium preferentially from the villi rather than from the crypts, which have a different ratio of T-cell subsets compared with the villus epithelium. However, this may not be a likely explanation either, since IEL isolations from intestines of category 1 and 2 Wistar and Fischer rats were done in 1 run. Although the high ratio of CD4+ to CD8+ cells in the IELs in some of the Wistar rats and in most of the Fischer 344 rats is in contrast to most of the available data on rat IELs in the literature, the ratio of TCR&OElig;f3+ to TCRq6+ cells is not (7, 14, (27) (28) (29) . Possible sources of variation are housing conditions, diet, the age of the animals, and the regions of the intestines that are examined (17, 27) . Isolations of lamina propria lymphocytes include accumulations of lymphocytes occupying a single plumpshaped villus (Fig. 4) ; these accumulations are invisible upon gross examination and are not removed from the intestines before isolation. These accumulations of cells match those described by Kampinga et al (12) . According to these authors, there may be around 2,000 of the accumulations in adult rats, each containing 1,000-10,000 lymphoid cells. The effect of AZA on IEL subsets in the high-dose group was inconclusive in flow cytometric analysis, while the thymus weights and the cellularity of blood and thymus were significantly affected (Table IV ). The number of macroscopically visible Peyer's patches was lower in the high-dose AZA-treated animals than in controls. One of the explanations for the marginal effect on IEL subsets is that IEL turnover is low: reconstitution experiments have indicated the presence of nondividing long-lived cells (at least over 8 wk) together with some short-living lymphocytes that possess only a limited capacity to divide (16) .
In contrast, selective stimulation or increased influx of lymphocytes may have a more acute effect. The effects of HCB on IEL subsets may be dependent on such an increased influx, although it should be kept in mind that the IEL values represent only relative numbers. HCB induced an increase in the number of CD8+ and CD8p+ cells in the IEL isolations at the cost of CD4+ cells. The effect on IEL subsets was observed at a dose at which effects on spleen weight were marginal (Table IV) .
The consequences of these effects on IELs and LPLs may be serious: single mucosal lymphocytes may affect epithelial cell function in a variety of ways, including via the induction of major histocompatibility complex (MHC) Class II antigens and subsequently via pathogens handling by the epithelium (1) . This, combined with a realization of the unique features of the single T-lymphocyte pool, underscores the need for an increased awareness of these cells in the field of toxicologic pathology. The best method to study these cells remains to be established.
The first conference on Endocrine Modulating Circumstances: Health and Environmental Perspectives will be held at the Marriott Hotel in Tysons Comer, Virginia, October 21-23, 1999. Endocrine modulating circumstances include exposure to endocrine mimicking chemicals, anthropogenic physico-chemical changes (e.g., changes in pH or temperature), and natural environmental conditions that can modulate endocrine function. The conference will promote the exchange of ideas and opinions among scientists working on the analysis, screening, monitoring, exposure assessment, and research of endocrine modulators and on the geologic and hydrologic environments in which they operate. The conference will explore current and future directions of health and ecological impacts of endocrine modulating circumstances. To facilitate this interaction, the program will include keynote speakers and plenary, concurrent, and poster sessions.
Topics will include: Organ-related pathology/toxicology of endocrine modulating compounds, ecological circumstances affecting endocrine modulation, chemical structural diversity (including mimics) of endocrine modulating compounds, mechanism(s) of action and effect of endocrine modulating compounds, endpoints and specific &dquo;sentinel&dquo; species (both flora and fauna) for endocrine modulating compounds, clinical outcomes/biomarkers of exposure, testing methods in clinical studies of endocrine modulating compounds, and testing (field/lab) methods for endocrine modulating compounds.
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